Different hindered amines, GW-622 and GW-944, were added to a nitrile-butadiene rubber (NBR) matrix to prepare a hybrid damping material. The microstructure, compatibility, and dynamic mechanical properties of the hindered amine/NBR composites were investigated using Fourier transform infrared (FTIR) spectroscopy, scanning electron microscope (SEM), differential scanning calorimetry (DSC), and dynamic thermomechanical analysis (DMA). The FTIR results showed that hydrogen bonds formed between the hindered amine molecules and the NBR matrix. The SEM and DSC results showed that both GW-622 and GW-944 had partial compatibility with the NBR matrix, and a two-phase structure appeared. The effective damping temperature ranges of the hindered amine/NBR composites were narrow at room temperature and broad at higher temperatures with increasing amounts of GW-622 and GW-944. Comparatively, the damping effect from the addition of GW-944 molecules was more clearly. The present work provides a theoretical basis for the preparation of optimum damping rubber materials.
Introduction
Let F denote a eld and let V denote a vector space over F with nite positive dim pair A, A * of diagonalizable F-linear maps on V, each of which acts on an eigenbasi irreducible tridiagonal fashion. Such a pair is called a Leonard pair (see [13, De nitio A, A * is said to be self-dual whenever there exists an automorphism of the endomor swaps A and A * . In this case such an automorphism is unique, and called the dualit The literature contains many examples of self-dual Leonard pairs. For instance (i) ated with an irreducible module for the Terwilliger algebra of the hypercube (see [4, Co Leonard pair of Krawtchouk type (see [10, De nition 6.1]); (iii) the Leonard pair associ module for the Terwilliger algebra of a distance-regular graph that has a spin model i bra (see [1, Theorem] , [3, Theorems 4.1, 5.5]); (iv) an appropriately normalized totall (see [11, Lemma 14.8] ); (v) the Leonard pair consisting of any two of a modular Leona De nition 1.4]); (vi) the Leonard pair consisting of a pair of opposite generators for bra, acting on an evaluation module (see [5, Proposition 9.2] ). The example (i) is a spe examples (iii), (iv) are special cases of (v).
Let A, A * denote a Leonard pair on V. We can determine whether A, A * is self-du By [13, Lemma 1.3] each eigenspace of A, A * has dimension one. Let {θ i } d i= denote a values of A. For ≤ i ≤ d let v i denote a θ i -eigenvector for A. The ordering {θ i } d i= whenever A * acts on the basis {v i } d i= in an irreducible tridiagonal fashion. If the orde then the ordering {θ d−i } d i= is also standard, and no further ordering is standard. Sim A * . Let {θ i } d i= denote a standard ordering of the eigenvalues of A. Then A, A * is self-d is a standard ordering of the eigenvalues of A * (see [7, Proposition 8.7] ).
Rubber damping materials, with a unique viscoelasticity, have been widely used in precision machines, as mechanical absorbers and for submarine noise elimination (1, 2) . The final performance of rubber damping materials, an important strategic resource, is increasingly demanding, so how to prepare high-performance rubber damping materials has become a research hotspot (3, 4) . The general damping factor of a pure rubber matrix is small (the tanδ value <<1.0), and the glass transition temperature (T g ) range is very narrow (only 20°C~30°C) (5, 6) . The effective damping temperature occurs at low temperatures below room temperature. In recent years, many scholars have been committed to modifying pure rubber substrates to achieve the required damping properties. The following methods are usually used: blending (7) , copolymerization (8) , interpenetrating networks (IPN) (9,10) and organic hybrid damping materials (11, 12) . Of all these methods, the organic hybrid damping materials are more novel, and are used in this study.
Organic hybridization refers to the addition of small organic molecules containing polar functional groups to a polar rubber matrix. Hydrogen bond networks run through the matrix and form between the polar functional groups on the large macromolecules and small molecules (13) . Compared with the van der Waals force, the interaction of hydrogen bonds is stronger and reversible. They can be destroyed and regenerated under the action of an external force field and temperature field, thus absorbing a large amount of energy and producing a high damping dissipation (14) . Chinese scholar Wu added small organic molecules, such as hindered phenol AO-80 and accelerator DZ, to polar substrates, such as chlorinated polyethylene (CPE) and polyacrylic ester (ACR), using the reversible hydrogen bonds formed between small organic molecules and polymer substrates to obtain organic hybrid damping materials with high loss factors (15, 16) . This approach attracted the interest of many researchers and is thought to have pioneered a new concept for the preparation of high-performance damping materials. Zhao et al. studied hindered phenol AO-80/nitrile-butadiene rubber (NBR) composites, and found that organic hybrid damping materials obtained by this method have outstanding performance than compared with IPN and other methods (17) . Zhao et al, also prepared hindered phenol AO-60/NBR composites and hindered phenol AO-70/NBR composites with excellent damping properties (18, 19) .
In this study, NBR was selected as a substrate material for organic hybridization because of its good damping properties. Two kinds of hindered amines with different numbers of polar functional groups and steric hindrance were added to the same rubber substrate. The microscopic structure and the hydrogen bond interaction were investigated by Fourier transform infrared (FTIR) spectroscopy and differential scanning calorimetry (DSC). Dynamic thermomechanical analysis (DMA) was used to study the damping properties of the two hybrid systems. The goal is to form strong hydrogen bond between hindered amines and NBR to improve the damping properties of the material.
Experimental

Materials
NBR (N220S) with an acrylonitrile mass fraction of 41% was provided by Japan Synthetic Rubber Co., Ltd. (Tokyo, Japan). Hindered amines GW-622 and GW-944, as powders, were purchased from Beijing Additives Institute (Beijing, China). The chemical structures of GW-622 and GW-944 are shown in Figure 1 . Other rubber additives used in the study were purchased in China and used without further purification.
As a common hindered amine antioxidant, GW-622 with hydroxyl groups and other polar functional groups (eater or amino groups) or GW-944 with amino and imino groups can form intermolecular interactions with NBR, which likely improves the damping properties of the NBR matrix.
Preparation of hindered amine/NBR composites
Hindered amine/NBR rubber composites were prepared according to the following procedure. 1. The NBR was first plasticized on a φ152.4 mm two-roll mill at room temperature for 3 min, and GW-622 was added to the NBR with mass ratios of 0/100, 11/100, 21/100, 43/100, 64/100, and 86/100 (GW-944 was added to the NBR matrix with mass ratios of 0/100, 11/100, 22/100, 44/100, 67/100, and 89/100). These composites were then kneaded at room temperature for 5 min to prepare the first-stage GW-622/NBRa (or GW-944/NBRa) composites. 2. The hindered amine/NBRa composites were kneaded on a two-roll mill at 130°C for 5 min to fully fuse the hindered amine molecules before the composites were gradually cooled to room temperature to form the second-stage hindered amine/NBRb composites. 3. The hindered amine/NBRb composites were then blended with compounding and crosslinking additives, including 5.0 phr of zinc oxide, 2.0 phr of stearic acid, 0.5 phr of diphenyl guanidine, 2.0 phr of sulfur, 0.2 phr of tetramethylthiuram disulfide and 0.5 phr of dibenzothiazole disulfide. The composites were then kneaded on a two-roll mill at room temperature for 10 min. 4. Finally, the composites were hot-pressed and vulcanized at 160°C under a pressure of 15 MPa for different periods of time, and then naturally cooled down to room temperature to prepare the hindered amine/NBR samples.
Characterization
FTIR measurements were conducted on a Nicolet 8700 FTIR spectrometer made by Thermo Fisher Scientific Inc. (USA). The FTIR spectra were obtained by scanning the specimens in a wavenumber range from 500 cm -1 to 4000 cm -1 for 32 scans at a resolution of 8 cm -1 . The FTIR spectra of the hindered amine/NBR composites were acquired from film specimens with a thickness of approximately 1 mm by using the attenuated total reflection (ATR) technique. The FTIR spectra of the as-received GW-622 (or GW-944) powder were acquired by using ultrathin disk specimens pressed from GW-622 (or GW-944) ground in anhydrous potassium bromide (KBr). Scanning electron microscopy (SEM) images were taken of the fracture surfaces of the hindered amine/NBR composites using a Hitachi S-4800 (Japan) scanning electron microscope. All SEM samples were cryogenically fractured by quenching in liquid nitrogen.
The DSC measurements were performed on a TGA/DSC calorimeter made by Mettler-Toledo Co (Switzerland). Samples weighing approximately 10 mg and sealed in aluminum were heated from -60°C to 150°C at a heating rate of 10°C/min under a nitrogen atmosphere.
The DMA measurements were conducted in tension mode by using a VA 3000 dynamic mechanical analyzer made by Rheometric Scientific Inc. (USA). The samples were 15 mm long, 10 mm wide, and approximately 2 mm thick. The temperature dependence of the loss factor (tanδ) for various samples was measured between -100°C and 250°C at a constant frequency of 10 Hz and a heating rate of 5°C/min.
Results and discussion
Hydrogen bonds in hindered amine/NBR composites
To examine the intermolecular interactions between the hindered amines and NBR rubber matrix, FTIR measurements of pure hindered amines and different hindered amine/NBR composites with various mass ratios were obtained. The FTIR spectra of the GW-622, GW-944, and GW-622/NBR and GW-944/NBR composites are shown in Figure 2 . In Figure 2a for the GW-622 small molecule, two obvious absorption peaks appear at 3542 cm -1 and 3457 cm -1 , which were assigned to the free hydroxyls and the hydrogen bond interactions (O-H…O hydrogen bonds) between GW-622 molecules, respectively (17, 20) . In Figure 2c , given the GW-622 molecules added to the NBR matrix, a broad peak appears in the wavenumber range of 3150-3550 cm -1 , which was characterized as the hydrogen bond between the -OH groups of GW-622 (Figure 1a: 1 ) and the -CN groups of NBR (Figure 1b: 7) . Moreover, in Figure 2c , the absorption of the -CN groups at wavenumber 2237 cm -1 is weakened with increasing GW-622 content, which suggests hydrogen bonding with an increasing strength between the -OH group and the -CN group.
The same phenomenon exists in the GW-944/NBR composites. In Figure 2b for the GW-944 molecule, obvious absorption peaks appear at 3442 cm -1 , which were assigned to subamino -NH-groups. A redshift phenomenon occurs from 3550 cm -1 to 3300 cm -1 with increasing GW-944 content in the GW-944/NBR composites, indicating hydrogen bond formation between the -NH-group (Figure 1c (21, 22) . The redshift phenomenon becomes obvious as the hydrogen bond interaction increases in strength (23) . Moreover, the absorption of the -CN groups at the wavenumber 2237 cm -1 is weakened with increasing GW-944 content, which can also provide evidence of hydrogen bond formation. Figure 3 shows SEM micrographs of the fracture surface of the pure NBR matrix and the hindered amine/NBR composites with different GW-622 and GW-944 contents.
SEM observation for hindered amine/NBR composites
In Figure 3a , the pure NBR matrix has a smooth fracture surface with bright ZnO particles, which was confirmed by element analysis attached to the scanning electron microscope (24) . The fracture surface of the GW-622/NBR composite is homogeneous at a GW-622 content of 21 phr, because most of the GW-622 molecules dissolved and achieved good dispersion in the NBR matrix. As the GW-622 content exceeds 21 phr, GW-622 has partial miscibility and phase separates with the NBR matrix. There appear to be numerous holes created by the removal of GW-622 molecules from the GW-622/NBR fracture surface.
Similarly, the addition of GW-944 over 22 phr also causes the appearance of two-phase structures in the GW-944/NBR composites, which is even more substantial than that in the GW-622/NBR composites. This phenomenon is also confirmed in the following DSC and DMA analyses.
Glass transition temperature (T g ) in hindered amine/NBR composites
The compatibility of blends can usually be characterized by the T g . If the blending system has only one T g , the compatibility is good. Otherwise, two glass transitions indicate poor compatibility (25) . Figure 4 shows the DSC curves of two small hindered amine molecules and hindered amine/NBR composites. As shown in Figure 4a , the T g values of the pure GW-622 molecules and GW-944 molecules are 67.6°C and 84.8°C, respectively. In Figures 3b and 3c , the pure NBR matrix has only one T g . As the GW-622 and GW-944 molecules are added, the T g of the GW-622/NBR and GW-944/NBR composites increases to more than that of the pure NBR matrix, which can be verified from the T g fitting curve or different GW-622/NBR and GW-944/NBR composites in Figure 4d . The increase in T g is due to the contribution of hydrogen bond formation in the composites, which is consistent with the FTIR results above (22) . The formation of hydrogen bond networks limits the movements of large polymer chains, increasing the T g of hindered amine/NBR composites. When the addition of GW-622 is above 21 phr, two T g s appear in the GW-622/NBR composites, indicating a two-phase structure and poor compatibility between the NBR matrix and the GW-622 molecules. At this time, the small GW-622 molecule reached the saturation state in the NBR matrix. The T g of the amorphous GW-622 accumulated in the NBR matrix occurs at 54.5°C.
Dynamic mechanical properties of hindered amine/NBR composites
DMA was conducted to study the compatibility and damping properties of the hindered amine/NBR composites (26, 27) . Figure 5 shows the temperature dependence of the loss tangent (tanδ) for the GW-622/NBR and GW-944/NBR composites with different mass ratios. The tanδ reflects the ratio of the dissipated energy in one deformation cycle to the energy accumulated during the same cycle, which is usually used to characterize the damping properties of materials. The evaluation criteria of damping materials include two aspects: the value of the tanδ peak during the glass transition and the temperature range for which tanδ ≥ 0.3. The tanδ values of the materials with good damping performance are relatively large, and the peak area is wide. From Figure 5 shows that the pure NBR matrix has only one tanδ peak. With the addition of small hindered amine molecules, two tanδ peaks gradually appear in the composites, indicating that a two-phase structure appears in the composites, and the small hindered amine molecules reach saturation in the matrix and begin to accumulate. We can also find this phenomenon in the SEM and DSC results above. Figure 5a shows that the tanδ peak of GW-622/NBR gradually shifts to higher temperatures with increasing GW-622 content, which is primarily due to the formation of hydrogen bonds between the NBR matrix and the GW-622 molecules. When the addition amount of GW-622 molecules is less than 11 phr, the composite has only one tanδ peak, indicating a good compatibility of the GW-622 molecules with the NBR matrix. However, as the GW-622 content exceeds 21 phr, two tanδ peaks appear, implying phase separation. The excessive GW-622 molecules accumulated, resulting in the emergence of a second tanδ peak. Table 1 shows the values of the two tanδ peaks in the GW-622/NBR composites with different GW-622 contents. As the GW-622 content increases from 0 to 86 phr, the first tanδ peak decreases and gradually shifts to higher temperatures. The value of the first tanδ peak decreases from 1.90 to 1.17, the damping temperature range (ΔT) at low temperature (T < 50°C) decreases from 34.55°C to 32.05°C, and the peak area (TA) also decreases from 33.36 to 23.17, indicating that the addition of GW-622 small molecules reduced the damping performance of the NBR matrix at room temperature. However, at higher temperatures, the second tanδ peak of GW-622/NBR gradually shifts from 80.95°C to 72.1°C, and the second tanδ value increases from 0.15 to 0.55. Moreover, the temperature range for tanδ ≥ 0.3 and TA value for high temperature damping also gradually increases in size. From the above, the addition of the GW-622 molecule reduces the damping performance of the NBR composite at room temperature and increases the damping performance of the NBR composite at high temperatures. This is the result of the combined interactions of hydrogen bond formation and aggregation of excess small GW-622 molecules. Hydrogen bond formation limits the movement of NBR chains and causes more energy dissipation. However, the aggregation of GW-622 molecules after reaching saturation in the composite results in phase separation. As shown in Figure 5b and Table 2 , when small GW-944 molecules are added to the NBR matrix, a similar damping performance to that of the GW-944/NBR composites with different GW-944 contents can be observed for the GW-622 /NBR composite mentioned above. In comparison, it can be seen that the addition of GW-944 molecules makes the damping performance of the NBR composite at low temperatures decline rapidly (from 1.90 to 0.46) and makes the damping performance at high temperatures increase (from 0.20 to 0.98 ). Figure 6 shows the effects of hindered amine addition and temperature on the storage modulus (Eˊ) of the hindered amine/NBR composites with different hindered amine contents. As the hindered amine content increases, the storage modulus curves display two transitions and gradually increase to a certain extent, which further proves that the hindered amine molecules have poor compatibility and strong interaction with the NBR matrix. This result is a validation of the DSC and FTIR results above.
Conclusions
In this article, we explored the microstructure, compatibility, and damping properties of GW-622/NBR and GW-944/NBR composites using FTIR spectroscopy, SEM, DSC, and dynamic mechanical analyses. The FTIR results show that hydrogen bonds form between the hindered amine molecules and the NBR matrix. The hindered amine molecule has good compatibility with the NBR matrix when the hindered amine content is less than 21 phr; otherwise, the hindered amine molecules have a partial compatibility with the NBR matrix when the hindered amine content is more than 21 phr. This prediction is confirmed by SEM, DSC, and DMA results. The addition of hindered amine molecules to the NBR matrix reduces the damping property of the hindered amine/NBR composite at room temperature and improves the damping property of it at high temperatures. In particular, the addition of GW-944 molecules results in a very clear damping effect. This work provides a theoretical basis for the preparation of high performance damping materials.
